Introduction
The hydroxyl radical, OH, drives the daytime gas phase oxidation of organic compounds in the atmosphere. 1 Accurate values for the rates of formation and loss of OH radicals are therefore central to the development of reliable air quality models. The photolysis of gas phase nitrous acid, HONO:
HONO + hν → OH + NO 1 is a major source of OH radicals in the early morning hours, with production rates of up to 5 × 10 7 molecule cm −3 s −1 of OH radicals calculated from measured HONO concentrations. 2 The concentration of HONO in the troposphere is, however, difficult to estimate as the reactions that form HONO are themselves poorly understood, 3 thus making it difficult to predict OH concentrations. Twenty years ago it was observed that NO 2 reacts in the presence of water vapour and an interface to form HONO. 4 Since then a number of groups have studied the reaction in the presence of a silica surface (SiO 2 ), these studies are summarised in the papers by Grassian 5 and Finlayson-Pitts et al. 6 As silicates are a major component of wind blown mineral dusts and building materials, 6 there is an ample source of SiO 2 surfaces in the atmosphere.
The stoichiometry of the heterogeneous reaction between NO 2 and H 2 O is believed to be: 2 2 2 NO H O HONO HNO
and the reaction is reported to be first order with respect to both NO 2 and H 2 O. 7 Several experimental studies have confirmed that the reaction does indeed lead to the production of gas phase HONO. Gas phase HNO 3 has not been observed as a reaction product, but recent spectroscopic studies have observed HNO 3 adsorbed onto the silica surface, 8, 9 and older studies reported the presence of NO 3 − ions in surface washings. 10, 11 Proposed mechanisms for the formation of HONO on silica surfaces involve N 2 O 4 , rather than NO 2 , as the adsorbed species that reacts to yield gas phase HONO. 6 Surface catalysed reactions often involve the initial formation of a hydrogen bonded adduct with the surface. On a silica surface this will usually involve an interaction between the surface hydroxyl groups and the reactant species. Silanol, SiH 3 OH, and orthosilicic acid, Si(OH) 4 , provide much simplified models to study the interections of these hydroxyls groups with the reactant species. 12 In order to understand the mechanism of reaction (2) we have used computational methods to determine values for Δ r H 298 K for the following systems at 1 atmosphere pressure:
Si(OH) 4 
The vibrational frequencies, and especially the shifts in the vibrational frequencies of the species in the hydrogen-bonded complexes relative to the free species, were also predicted. A number of studies have shown that the minimal model for the silica surface, SiH 3 OH, gives accurate predictions of the shifts in vibrational frequencies observed experimentally when species bond to real silica surfaces, if the computational method used is of sufficient quality: the method chosen must include the effects of electron correlation (post-SCF or DFT methods) and a relatively large basis set must be employed.
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Computational Details
All calculations were performed using the Gaussian-98 suite of programs 14 running on a Sun Ultra-80 machine. Geometry optimizations were carried out at both HF and B3LYP 15, 16 level using the basis set 6-311+G(d). A frequency calculation was performed for all stationary points located, using the same method and basis set. Single point energies were carried out on all structures that corresponded to minima on the potential energy surface for the systems using the basis set 6-311++G(3df,2pd), with the convergence for the SCF calculations specified as Tight. The values of Δ r H calculated in this work will be slightly larger than the true values due to the Basis Set Superposition Error, BSSE. In a complex AB the calculated energy of species A, in the complex geometry, will be lower than the energy calculated for A, in the complex geometry in the absence of B, because in the complex A can compensate for deficiencies in its own basis set by making use of functions centred on B, the same is of course true for species B. The counterpoise correction, CP, described in most standard texts (for instance Jensen 17 ) provides an estimate, or rather an upper limit, on the error caused by the BSSE.
Results and Discussion
The optimised geometries of the lowest energy structures located at the B3LYP/6-311+G(d) level of theory for complexes between Si(OH) 4 and HNO 3 , HONO, NO 2 , N 2 O 4 and H 2 O are shown in figure 1 . Figure 2 shows the lowest energy structures located for complexes between SiH 3 OH and HNO 3 , HONO, NO 2 , N 2 O 4 and H 2 O for a particular interaction, for example the lowest energy structure for the hydrogen of HNO 3 hydrogen-bonding to the O of SiH 3 OH, Type A, and the lowest energy structure for an oxygen of HNO 3 hydrogen-bonding to the alcoholic H of SiH 3 OH, Type B, are both shown (it should be noted that a minimum energy structure where the alcoholic hydrogen of SiH 3 OH is hydrogen bonded to an O of HONO was not found.) Table 1 shows the absolute energies (SCF) and the energies at 298 K, (obtained using the thermal corrections from the frequency calculations without the use of a scaling factor) for all species shown in figures 1 and 2, and Si(OH) 4 , SiH 3 OH, HNO 3 , HONO, NO 2 , N 2 O 4 and H 2 O themselves. Table 2 gives the values of Δ r H 298 K obtained using the values given in Table 1 and including the ΔnRT term to convert from energy to enthalpy differences. The CP corrected enthalpies obtained at the HF/6-611++G(3df,2pd)//HF/6-311+G(d) level are shown in parentheses in Table 2 .
The most striking feature of table 2 is that the dimer N 2 O 4 is significantly more strongly bound to both Si(OH) 4 and SiH 3 OH units than NO 2 itself. It can also be seen from table 2 that HNO 3 binds more strongly to both Si(OH) 4 and SiH 3 OH than either HONO, N 2 O 4 or NO 2 , supporting the idea that it may be left bound to the surface if formed during the reaction of NO 2 with water on a silica surface. It should be noted that in this study the only interaction considered has been one that involves the surface OH group of silica, a real silica surface will have other types of potential binding sites and will also allow larger molecules to bond simultaneously to OH groups attached to different Si atoms. The Table 3 gives the harmonic vibrational frequencies calculated for the complexes involving nitric acid, nitric acid alone and the experimentally determined fundamental vibrational frequencies of nitric acid in the gas phase. Table 4 gives the equivalent data for N 2 O 4 .
Some of the frequencies shown in Table 3 can be compared to those observed when HNO 3 is thought to be hydrogen-bonded to a real silica surface (not all vibrational modes can be observed experimentally owing to experimental limitations). Grassian and co-workers and Finlayson-Pitts and co-workers have looked at the FTIR spectrum of the surface bound species formed when a SiO 2 surface with varying amounts of adsorbed water is exposed to gas phase NO 2 . The two groups reported that an absorption centred at ~1680 cm −1 , (1677 cm −1 , 8 and 1680 cm −1 , 9 ) was observed. The band was attributed to molecularly adsorbed nitric acid (assigned by Grassian to the asymmetric stretch of the NO 2 unit in surface bound HNO 3 .) The Grassian group also reported that spectral features were observed at 1399 cm −1 , (assigned by Grassian to an in-plane OH bend, described as "Mixed" in table 3 and corresponds to the experimentally observed peak for gas phase HNO 3 Neither the Grassian not the Finalyson-Pitts groups report bands attributed to surface adsorbed NO 2 , however, this may be because the bands are masked by absorbances due to the silica support (which absorbs strongly between ~1610 and 1660 cm −1 , the region where gas phase NO 2 absorbs most strongly). 9 The very weakly bound complex between NO 2 and Si(OH) 4 from the out-of-phase asymmetric stretch, 1724 cm −1 in the gas phase. The out-ofphase asymmetric stretch is not observed in the gas phase but is predicted to have about 10 % of the IR intensity of the in-phase stretch in the Si(OH) 4 relative to the gas phase.
In conclusion, the change in calculated vibrational frequencies for simple complexes of HNO 3 studied in this work, relative to the calculated gas phase frequencies, lie in good agreement with the experimentally observed peaks, thus reinforcing the assignment of the experimentally observed peaks and validating the simple model, Si(OH) 4 -HNO 3 , used here as being a fair representations of HNO 3 bound to a SiO 2 surface. In the case of N 2 O 4 the situation is not as clear: the calculations suggest that experimentally observed bands should be slightly blue shifted in the adsorbed species relative to the gas phase species, whilst the experimental results show one peak to be slightly red shifted relative to gas phase N 2 O 4 , the other slightly blue shifted.
Conclusions
Binding enthalpies for complexes formed between HNO 3 , HONO, NO 2 , N 2 O 4 and H 2 O with simple proxies of silica surfaces, namely Si(OH) 4 and SiH 3 OH units have been determined. The results are in agreement with proposed mechanisms for reaction (2) , in which N 2 O 4(ads) , rather than NO 2(ads) , is the species which reacts with surface bound water to give HONO and HNO 3 . Our results also indicate that HNO 3 can form strong hydrogen-bonds to the surface and therefore will not be released into the gas phase. Calculated shifts in the vibrational frequencies of HNO 3 and N 2 O 4 bound to Si(OH) 4 and SiH 3 OH units, relative to the gas phase, are compared with experimentally observed peaks which have been assigned to surface adsorbed HNO 3 and N 2 O 4 species. In the case of HNO 3 , the calculated shifts in the peaks agree well with experimental observations, the Si(OH) 4 unit providing the best agreement. In the case of N 2 O 4 however, the experimental work suggests that the dominant absorption occurs at a slightly lower wavenumber than in the gas phase whilst the calculations predict that it will occur at a slightly higher wavenumber, possible explanations for this are provided. As an interaction of this nature (proton-hydride) would not be possible on a real silica surface, the binding energy calculated for this complex will be an overestimate of that for HNO 3 hydrogen bonding to a single hydroxyl group on a real silica surface. 
